Historically, UWWs (urban wastewaters) that contain high levels of organic carbon, N (nitrogen), and P (phosphorous) have been considered an environmental burden and have been treated at the expense of significant energy input. With the advent of new pollution abatement technologies, UWWs are now being regarded as a renewable resource from which, useful chemicals and energy could be harvested. This study proposes an integrated, algal-based system that has the potential to treat UWWs to the desired discharge standards in a sustainable manner while recovering high fraction of its energy content as well as its N-and P-contents for use as fertilizers. Key embodiments of the system being proposed are: i) cultivation of an extremophile microalga, Galdieria sulphuraria, in UWW for removal of carbon, N, and P via single-step by mixotrophic metabolism; ii) extraction of energy-rich biocrude and biochar from the cultivated biomass via hydrothermal processing; and, iii) enhancement of biomass productivity via partial recycling of the nutrient-rich AP (aqueous product) from hydrothermal-processed biomass to the cultivation step to optimize productivity, and formulation of fertilizers from the remaining AP. This paper presents a process model to simulate this integrated system, identify the optimal process conditions, and establish ranges for operational parameters.
Introduction
Several recent studies have reported on the feasibility of extending the early efforts of Oswald [1, 2] on UWW (urban wastewater treatment) by algal systems towards wastewater treatment coupled with bioenergy generation. The basis of this approach is that, mixed algal/bacterial systems can symbiotically utilize the organic carbon (quantified as BOD (biochemical oxygen demand)), ammoniacal-N, and phosphates in the wastewater and sunlight to synthesize energy-rich biomass which could serve as feedstock for producing gaseous or liquid biofuels via anaerobic digestion [3] , catalytic hydrothermal gasification [4] , or hydrothermal liquefaction [5] . In contrast to the current fossil fuelintensive wastewater treatment technologies, this algal-based approach has the potential for sustainable and energy-efficient UWW treatment. Table 1 summarizes the shortcomings of the current technologies and the advantages of the algal system.
Algal systems for wastewater treatment/energy production
In the 1950s, Oswald, Gotaas [6] had proposed the use of symbiotic algalebacterial relationship to treat UWW. Their premise was that autotrophic microalgae could serve as photosynthetic aeration units to provide the oxygen for heterotrophic bacteria to oxidize the organic carbon in wastewater releasing CO 2 and nutrients, which in turn, could be utilized by algae to photosynthesize biomass. Oxidation ponds and high rate algal ponds developed on this premise have demonstrated the feasibility of low-cost UWW treatment [7, 8] . In the past two decades, many have extended this concept to optimize biomass growth on partially treated UWW as well as on agricultural and industrial wastes for nutrient removal and, more recently, to generate energy from the resulting biomass [9, 10] .
Algal systems have also been adapted for tertiary treatment of UWW for targeted removal of nutrients [10, 11] meeting the discharge standards with minimal energy input. Nutrient removal efficiencies by algal systems have been shown to be comparable to those of other technologies that are more energy-intense. Wang, Min [12] have evaluated algal systems with raw UWW; primary-treated UWW; secondary-treated UWW; and, centrate water from sludge centrifuge, and reported total N-removals of 50.8e82.8%; and P-removals up to 90.6%. Pittman, Dean [8] have reported Nremovals of about 90% and P-removals of 80% in primary-treated UWW with Chlorella vulgaris. Higher removals by algal systems from nitrogen-and phosphorus-rich wastewaters from a variety of agricultural and industrial sources as well as effluent streams from anaerobic digestion of several waste substrates have been documented [13, 14] .
Anaerobic digestion of the biomass cultivated in wastewater has been evaluated as a means of recovering its energy content in the form of methane as a gaseous biofuel [15] . More recent studies have reported on the extraction of the lipid content of algal biomass cultivated in wastewaters for use as a feedstock for liquid fuel production followed by anaerobic digestion of the lipid-extracted biomass to produce additional fuel as methane [16e18] . Bohutskyi and Bouwer [19] have estimated that, depending on its lipid content, 55e86% of the energy in algal biomass can be recovered through lipid extraction followed by anaerobic digestion. Energetic advantages of coupling algal wastewater treatment with energy production have been reported upon [20, 21] . Sturm and Lamer [21] , for example, have concluded that direct energy production from algal biomass cultivated in UWW and the energy savings from avoiding biological nutrient removal can outweigh the energy cost associated with algal cultivation and harvesting. In spite of the potential merits of the algal-based systems, they have not been widely accepted by wastewater utilities due to several limitations.
Limitations of current algal systems
Currently, the open raceway design is the common choice for low-cost algal cultivation. Driven by paddlewheels to maintain the cultures in suspension, these raceways are often sparged with CEA (CO 2 -enriched air) to provide the carbon needs to the cultures. To avoid light drop off in such raceways, the culture depth has to be shallow (<0.4 m) and the cell density has to be low (<0.8 g L À1 ); both these confines have negative impacts on the overall process. Shallow depths translate to larger footprint and surface areas, resulting in prohibitive water loss by evaporation. In a study by Posadas, Garcia-Encina [22] , carbon and nutrient removals by algal systems were shown to be comparable to conventional treatment technologies, but at a high water footprint (0.5e6.7 L m À2 d
À1
). Shallow depths also limit the bubble detention time of the sparged CEA, resulting in poor transfer of CO 2 to the culture and consequently, low biomass productivity and energy yield. In addition, low biomass densities translate to inefficient harvesting in downstream processing, and higher overall costs. Further, open raceways are susceptible to contamination and predation by invaders.
The current pathway for algal biomass-to-biofuel is limited also by the energy extraction processes that involve drying of the harvested wet biomass, cell disruption, and extraction of its lipid content for further processing and refining to yield biofuel. While the energy required for drying wet biomass is prohibitively high, the need to maximize lipid productivity (¼biomass productivityÂipid fraction) in the cultivation step has also remained a challenge since cultivation conditions for maximizing biomass productivity are counter to those for maximizing lipid fraction [23] .
Proposed system for algal wastewater treatment/energy production
This study presents a POWER (photosynthetically oxygenated waste-to-energy recovery) system to circumvent most of the above limitations of current algal cultivation systems. The POWER system could be exploited for treating UWW to the required discharge standards and yielding higher net energy than current technologies while recovering valuable nutrients in UWW. Developed specifically for warm and arid environments, the POWER system utilizes GS (Galdieria sulphuraria), a heterotrophic and photoautotrophic microalga capable of growing at moderately high temperatures (25e55 C) [24] . The POWER system incorporates low-cost, closed PBR (photobioreactors) in which the temperatures ranges from 25 to 55 C due to the passive heat gain [25] . Since GS can tolerate high temperatures, the POWER system averts the cooling requirements of traditional strains cultivated in closed PBRs. The POWER system utilizes HTL (hydrothermal liquefaction) of wet biomass to recover its energy content as biocrude and biochar, while releasing the nutrients in concentrated dissolved form as a sidestream. The system also includes recycling of a fraction of the nutrients released by HTL to the PBR to optimize the C: N: P ratio in the broth to achieve higher biomass production than previously achieved. The resulting energy-dense biocrude can be mixed with petroleum and refined in traditional refineries into transportation fuels, anaerobically digested, or catalytically gasified for electrical co-generation. A simplified schematic of the POWER system is shown in Fig. 1 .
The closed PBR design minimizes evaporative water loss, odor emissions, contamination, invasion, and CO 2 loss. Recycling concentrated nutrients from the HTL process to the PBR enables cultivation of higher biomass densities in UWW in a self-sufficient manner. The photosynthetic capture of sunlight and CO 2 in the PBR augments the capture of the energy content of UWW, potentially yielding higher net energy yield than other emerging options for energy recovery from UWW. Importantly, CO 2 capture in the closed system overcomes the sub-optimal stoichiometric C:N:P ratio in UWW relative to microbial biomass. In contrast to the traditional secondary and tertiary wastewater treatment technologies that suffer from imbalance in C:N:P ratio, the POWER system enables complete N and P removal in a single-stage system by maintaining optimal C:N:P ratio [22, 23] .
Previous reports by the authors have documented the ability of GS to grow in primary effluent at rates comparable to that in standard artificial growth medium, achieving high nutrient removal efficiencies at removal rates comparable to other strains [25, 26] . This paper presents a process model of the POWER system and simulated performance curves.
Theoretical background
The model for the POWER system is developed as follows by applying mass and energy balances across its components shown in Fig. 1 . The variables are defined in the Appendix.
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Energy input for photobioreactor:
In this study, the energy input for cultivation in the photobioreactor is considered as that required for mixing and keeping the biomass in suspension. Wide range of energy values (0.09e0.4 kJ L À1 ) have been reported for cultivation in the literature depending on the type of the cultivation system, culture depth, biomass density, algal strain etc. [9, 27, 28] . In this study, the energy input for PBRs is assumed as 0.4 kJ L À1 [9] .
Energy input for harvesting, thickening, dewatering:
The energy input for harvesting, thickening and dewatering depends on the selected processes and the resulting solids content of the dewatered stream. Microalgae can be harvested using several methods such as flotation, sedimentation, flocculation with organic/inorganic flocculants, centrifugation, and filtration. Typical energy requirements reported in the literature for common harvesting processes are summarized in Table 2 . Based on the energy values reported by Quinn, Smith [29] (using passive settling, dissolved air flotation and centrifugation), the energy input for harvesting, thickening and dewatering, E htd , in this study was assumed as follows:
, or 16.6 kJ L À1 to achieve solids contents of 5%, 10%, 15%, and 20%, respectively.
Energy input for hydrothermal liquefaction:
The energy input to the HTL process is assumed to be that for raising the temperature of the feed from ambient temperatures to the selected HTL processing temperature, T htl . It is also assumed that losses are negligible, and heat energy is recovered from the HTL effluent to preheat the feed at a heat recovery of h. The specific heat and the density of the medium are assumed to be those of water. Thus,
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From the above equations, the following expression for ER can be derived:
where, yields of biocrude (Y Bcr ) and biochar (Y Bch ) are functions of the HTL process temperature, T htl . Currently, the temperaturedependence of the yields have to be established empirically; the following correlations established from our experimental studies with GS over a HTL process temperature range of 180 Ce300 C are used in this study [30] : 
The 3rd order polynomial relationship between biocrude yield and temperature (p < 0.005) is typical of common algal strains (as can be derived from the data reported by Alba, Torri [31] and Christensen, Peng [32] ) tracking an increase in yield with temperature up to a point and decline thereafter due, in part, to loss of carbon via the gas phase. Christensen, Peng [32] have, for example, reported that gas yield increased with T htl , and its methane content increased from 3% at 400 C to 7% at 420 C. The above correlations derived using calibration data (from Ref. [30] ) were validated with an independent validation dataset collected in this study. Results of this validation test are summarized in Fig. 2 showing that the above correlations are able to predict satisfactorily the temperaturedependence of biocrude yield (Fig. 2a, r 2 ¼ 0.992) and biochar ( Fig. 2b ; r 2 ¼ 0.921).
For a given harvesting, thickening, dewatering system that can achieve a desired concentrating factor c, the key operational parameters of the POWER system can be seen as the biomass density at harvest, X 3 ; the HTL process temperature, T htl ; the aqueous split [44] fraction, e; and the heat recovery from the HTL effluent, h. Since the expression for ER (Equation (25)) is not intuitive to gain insights into the integrated process or to discern the sensitivity of the key operational parameters, simulations were done and the results were evaluated graphically.
Results and discussion
The mass and energy balance equations developed above were simulated with the following simplifying assumptions. Biomass density in the clarified effluent of the harvesting, thickening, dewatering step, X 4 is assumed to 0.001 g L À1 ; N 4 is assumed to be 0.005 g L À1 ; higher heating value of biocrude is assumed as 30 MJ kg À1 and that of biochar, as 18 MJ kg À1 ; energy required for cultivation, E pbr , is assumed a constant of 0.4 kJ L À1 ; specific heat of the broth is assumed as that of water ¼ 4.19 kJ kg À1 C À1 ; density of the broth is assumed as that of water ¼ 1000 kg m À3 ; heat recovery from the HTL product stream is assumed as 60%; the fraction of the aqueous product of HTL that is recycled is assumed as 0.5; biomass content in the UWW was assumed negligible; complete conversion of biomass by HTL was assumed (i.e. X 6 ¼ 0; X 7 ¼ 0; X 8 ¼ 0; X 9 ¼ 0; and X 10 ¼ 0); Fig. 3 illustrates the dependence of the energy ratio on HTL process temperature, biomass density at harvest, and the solids content after harvesting, thickening and dewatering. For any biomass density and solids content, the lowest temperature of 180 C is seen as optimal on the basis of total energy input and total energy output from biocrude and biochar (bold columns in Fig. 3 ). This result is primarily due to the fact that the increase in energy yield realized at higher temperatures is not justified by the additional thermal energy expended for heating; even with lower thermal energy input at higher solid contents with lower volumes of water, the return on energy yields is not high enough.
ER as a function of process variables
As predicted by Equation (25), the energy ratio can be seen to increase with biomass density at harvest, X 3 . Increase in biomass density increases total energy output per unit volume of liquid handled. However, irrespective of biomass density, for any given HTL temperature, the energy ratio is seen to be optimal at a solids content of 10%. At low solid contents with high water volumes, more thermal energy has to be expended for heating the feed to HTL; on the other hand, at higher solid contents, more energy has to be expended in harvesting/ dewatering/thickening. Another reason is that the biocrude yield Fig. 2 . Validation of correlation models: a) for biocrude yield, Equation (26); and b) for biochar, Equation (27) . indicates datasets used for calibration; B indicates datasets used for validation; curves represent correlations derived from calibration data set; error bars determined from triplicates for validation dataset. 
Solids content after harvesting, thickening, dewatering: Fig. 3 . Energy ratio, ER, as a function of HTL process temperature, Thtl; biomass density at harvest, X 3 ; and solids content after harvesting/thickening/dewatering. increases with temperature first and falls off with further increase of temperature (Equation (26)) due to loss of carbon via gas phase. This finding agrees with most literature reports that had evaluated HTL at a solids content of 10%. Based on the above analysis, the optimal conditions for maximizing ER under the assumed conditions can be seen to be biomass density at harvest of 4 g L
À1
, the solids content fed to the HTL process of 10%, and the HTL process temperature of 180 C. This analysis does not take into account the variation of the composition of the biocrude with HTL temperature.
Effect of HTL temperature
Even though the above analysis suggests that hydrothermal processing of the biomass at low temperatures results in higher energy ratio based on net energy considerations, most of the energy output at low temperatures is associated with biochar than with biocrude. Fig. 4 illustrates the breakdown of the energy components at 180 C as a function of biomass density at harvest, X 3 , at a solids content of 10%, for example. In this example, nearly 97% of the energy output is associated with biochar at X 3 of 4 g L
À1
. Since biocrude is preferable over biochar as an energy carrier, options to minimize biochar and maximize biocrude need to be deployed to make the POWER system viable as a net energy-producer.
Recent studies have shown that a two-step HTL process wherein, isolation of the polysaccharides released during lowtemperature hydrothermal processing followed by hightemperature hydrothermal processing of the remainder can yield higher net yields of biocrude and hence, higher energy ratios. The rationale behind the two-step HTL process is that polysaccharides are believed to contribute to biochar formation and lower net energy balance [5] . Further, polysaccharides can serve better as a valuable source of co-products rather than an energy source.
As part of this study, experiments were conducted to evaluate the feasibility of adopting the two-stage HTL process in the POWER system; the first stage was conducted at 180 C and the second, at 300 C. Biocrude and biochar yields determined in these experiments were used in the model simulations to estimate the net energy yields. Results of these simulations are summarized in Fig. 5 illustrating the improvement in biocrude yields via two-stage HTL processing. These results also suggest that solids content of 10% to be optimal at any biomass density; and that the net energy yield increased with biomass density. Based on these simulations, it is plausible that energy-positive UWW could be achieved if the biomass density is maintained above 2 g L À1 .
Maximizing biomass density
When biomass is cultivated in UWW, a fundamental consideration to maximize biomass density is matching the C:N:P ratio of the biomass to that in UWW. While the C:N:P ratio in algal biomass is closer to that of UWW than in traditional activated sludge biomass, recycling of carbon and nutrients solubilized in the HTL process to the cultivation step as envisioned in the POWER system provides for optimal balancing of C:N:P ratio to maximize biomass productivity and hence the energy yield [33e35]. The POWER system thus enables removal of organic C, N, and P from UWW in a single-step whereas, the traditional wastewater treatment approach involves two stepse activated sludge for organic carbon removal followed by nitrification/denitrification for N removal with supplemental carbon input to balance the C:N:P ratio between UWW and biomass.
The embodiments in the POWER system hold promise for maintaining biomass densities of 2 g L À1 through mixotrophic metabolism, nutrient recycling, and carbon management. We have demonstrated that GS biomass density under mixotrophic conditions exceeded 2 g L À1 and the corresponding aerial productivity exceeded 56 g m À2 d À1 in our outdoor PBRs [34] .
Optimizing energy ratio
Equation (25) indicates that maximizing the biomass density at harvest, X 3 , and the concentrating factor, c, as two options to maximize the energy ratio. While the maximum biomass density in the traditional raceway systems is limited by the need to ensure adequate sunlight penetration for autotrophic growth, mixotrophic metabolism envisioned in the POWER system enables higher densities to be achieved as demonstrated above.
The concentrating factor is an important parameter in energy considerations as high concentrating factors can reduce the volume of water that must be heated for hydrothermal processing; but on the other hand, they demand higher energy input in the harvesting, thickening, and dewatering step. In this study, energy input for harvesting, thickening, and dewatering, E htd , was considered to be dependent only on the resulting solids content. A sensitivity analysis was performed in this study to assess the variation in net energy due to ±30% uncertainty in the assumed E htd . Results of this sensitivity analysis are represented by the vertical bars in Fig. 5 indicating that the uncertainty energy ratio averaged 14% over the temperature range considered here. The impact of E htd on net energy is seen to be negligible at 5%e10% solids content, but increased as solids content increased. Nevertheless, availability of energy-efficient and sustainable harvesting, thickening, and dewatering technology can improve the overall energetics of the integrated process.
Conclusions
The results of this study indicate that the POWER system holds promise for improved energy recovery from UWW to make the wastewater treatment process energy-positive and sustainable. The simulation approach presented here established ranges of process parameters for optimal operation of the system and identified harvesting and HTL processing of the biomass as critical components of the POWER system. The following conditions were found to yield maximum energy ratio: biomass harvesting density of 4 g L
À1
; solids content of 10% in the feed to the HTL process; and, HTL process temperature of 180 C. For energy-positive wastewater treatment, the biomass harvest density should be at least 2 g L À1 and the solids content in the feed to the HTL process should be at least 10%. The ability to recycle carbon and nutrients in the POWER process configuration enables biomass densities to be maintained above 2 g L
. Two-stage HTL processing (first stage at 180 C and 2nd stage at 300 C) is recommended for increasing yield of biocrude.
